Long-lived and high-fidelity memory for photonic polarization qubit (PPQ) is crucial for constructing quantum networks. Here we present an EIT-based millisecond storage system in which a moderate magnetic field is applied on a cold-atom cloud to lift Zeeman degeneracy. PPQ states are stored as two magnetic-field-insensitive spin waves. Especially, the influence of magnetic-field-sensitive spin waves on the storage performances is almost totally avoided. The measured average fidelities of polarization states are 98.6% at 200 µs and 78.4% at 4.5 ms, respectively.
Photonic polarization qubits (PPQs) are extensively used for encoding and transmitting quantum information since they are easily manipulated and analyzed [1] [2] [3] [4] [5] [6] . For realizing remote quantum communication [1, [7] [8] and distributed quantum computation [1, 9] we have to achieve the faithful storage and retrieving of PPQs. A variety of physical processes, such as electromagnetically induced transparency (EIT) [10] [11] [12] , spontaneous Raman emission (SRE) [3, [13] [14] , atomic-frequency combs [15] [16] , off-resonant Faraday interaction [17] , far-off-resonant Raman interaction [18] and Gradient echo [19] , have been exploited to store quantum states of light.
The dynamic EIT and SRE processes in cold atoms provide promising storage schemes [1, 7] . The SRE process is an elementary step in DLCZ protocol [7] [8] , which is suitable to generate a heralded entanglement between two long-distance atomic ensembles [10] . However, the low probabilistic success of the scheme in preparing such entanglement limits its application in quantum information [10, 12] . To overcome this drawback, alternative approaches based on separating the two processes for the generation and storage of qubits have been proposed [10] [11] [12] [20] [21] . A typical way is to prepare two polarization-entangled photons firstly, then transport them into two remote nodes and store them in the nodes [21] , respectively. This approach promises to generate a deterministic polarization-entanglement between two remote memories [21] . The dynamic EIT is a promising process for realizing the storage of single-photon polarization qubits since it can directly receive and preserve the quantum states of photons coming from outside systems while the SRE process is not able to do so [1] . Unlike general storages for a certain polarization state of light which only require a single spin wave (SW) and have been experimentally realized with high retrieval efficiency up to ~78% [22] and long lifetime up to ~0.2 s [23] [24] . For the storage of a PPQ, we must store its logical states as a superposition of two SWs [3] . Toward realizing the quantum repeater, several PPQ storage experiments have been implemented in quantum region [10] [11] [12] . In the experiments of Ref. [10] [11] , single-photon polarization qubits are split into vertical-and horizontal-components and then stored in two atomic systems respectively placed at two space-separated arms of an interferometer, and the achieved storage lifetime is several microseconds. Another EIT-based storage experiment of PPQ is realized in a Bose-Einstein condensation (BEC), in which the memory qubit is preserved in two atomic magnetic-field-sensitive coherences 0 ' 1 m m = ↔ = ± and the residual magnetic field is actively compensated to reduce the decoherence [12] . The measured polarization fidelity is ~0.95 for the storage period of 2 µs and ~0.75 for 470 µs, respectively, which is the longest lifetime of the qubit memory realized with EIT-based scheme, so far. To increase the storage lifetime PPQs should be encoded in atomic coherences associated with magnetic-field-insensitive transitions, which have been utilized in the DLCZ-type experiments [13] [14] . In Ref.
[13], Kuzmich's group creates a memory qubit whose logical states are preserved in two SWs associated with the magnetic-field-insensitive coherences
of two overlapped atomic ensembles, which is confined in a 1D optical lattice.
Although the experiment demonstrates the violation of Bell's equality for storage time of 3 ms, the unwanted magnetic-field-sensitive SWs are also produced during the creation of the qubit memory, which leads the retrieval efficiency to decrease promptly with the storage time [25] . That is because the magnetically-sensitive coherences are washed out fast within 100 µs [13] .
Besides, due to the interference between the clock SW (
) and the magnetic-field-insensitive SWs, the higher entanglement appears only at the periodical interval clock coherence and applying a magic-valued magnetic field to eliminate the lattice-induced dephasing [14] . However, because of the spatially splitting of the SW qubit states, some extra requirements, such as the interferometric stability [7] and spatially matching of the two SW modes, have to be added.
Until now, the EIT-based scheme of storing PPQs as magnetic-field-insensitive SWs has not been implemented. Here, we present an effective long lifetime and high-fidelity EIT-based storage experiment for PPQs. By applying a moderate magnetic field on a cold 87 Rb atomic cloud, only two pairs of magnetic-field-insensitive transitions appear respectively in two EIT systems existing in a cold atomic cloud, which will be used for storing the PPQ states. At the same time, all magnetic-field-sensitive transitions are removed outside the EIT systems when the degeneracy of Zeeman sublevels is lifted. Thus, the influences of magnetic-field-sensitive coherences on the storage are eliminated and the performances of the qubit memory are significantly improved.
The involved levels of 87 Rb atoms are shown in Fig.1(a) and (b), where
, respectively. By optical pumping, half of the cold atoms can be prepared in state transitions, respectively. In previous EIT-based storages of PPQs [10, 12] , the typical value of the magnetic fields used to define quantization axis is about several hundreds milliGauss. When such a weak field is applied on the 87 Rb atomic ensembles, the degeneracy of the Zeeman sublevels of the F=1 and 2 ground states can't be lifted (see Fig.1(a) ). In this case, for the 
for the case of the lifting-Zeeman degeneracy, and Before the experiments, we theoretically evaluate the retrieval efficiencies for both cases of lifting and no-lifting Zeeman degeneracy respectively through Eqs. (1) and (2) . In the evaluation, we take 1 1ms τ = At the falling edge of the signal pulse, the writing laser beam is ramped to zero and thus the signal input pulse is stored into two atomic ensembles respectively. After a variable time delay t, we switch on the reading beam to retrieve the stored spin waves and detect the retrieved photons within a window of ~100 ns. The total duration for a measurement trial is ~50 ms, after which the measurement interval is terminated and a new MOT is prepared for next trial. e R = at t=0. Comparing the curves I (I') and II (II'), we find that the measured retrieval efficiencies at B 0 =13.5 G is ~4 times that at B 0 =0.59 G at times longer than ~80µs, which is in agreement with our theoretical prediction. At B 0 =13.5G, the two retrieval efficiencies for -σ ± polarized signal photons are symmetric and the storages are long-lived, which promise us to achieve a high-fidelity and long lifetime storage of PPQ.
Subsequently, we perform the storage and retrieval of PPQ at single-photon level for the dc magnetic field B 0 =13.5 G. The input signal pulse is decreased to single-photon level (i.e., the mean photon number To characterize the quality of the qubit memory, we perform the experiments of the storage and retrieval for four input polarization states Fig.3 , we can see that F process decreases with the storage time. We attribute such decrease to the following two factors. The retrieval efficiency exponentially reduces with the storage time, which makes the background noise gradually become a main contribution to the single-photon-counting events and thus the polarization fidelity is degraded.
On the other hand, the dephasing between the two spin waves 1, 1 S − and 1,1 S − induced by the temporal fluctuations of the magnetic field in z-direction will reduce the retrieval fidelity also. Considering all above-mentioned factors, a formula used for evaluating the quantum process fidelity is deduced (see The total detection efficiency
, which is a combination of the pin-hole transmission (65%), the transmission of the set of optical filters (65%), the efficiency (90%) of fiber coupling to single-photon detectors D 1 or D 2 and the quantum efficiency of D1 and D2 (50%).
Retrieval efficiencies for two storage systems with Zeeman degeneracy and lifting-Zeeman degeneracy
The retrieval efficiency is defined as: ( )
where, the mixing angle is defined as cos / ( )
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where, 
The above analyses for obtaining the retrieval efficiency of σ + -polarized signal field are available for that of the σ --polarized one since the EIT atomic-level systems used for storing the two signals are totally symmetric (see Fig.S1 (a) and (b)). The retrieval efficiency of the σ --polarized signal photons is ) ( Fig.S2(a) ). The storage process in such Λ-type EIT system can be described by the ( )
Using a analysis similar to obtain Eq. (7), we can calculate the retrieval efficiency of the σ + -polarized signal photons for the case of Zeeman degeneracy: Zeeman degenerate levels can be written as: 
Evaluation of quantum process fidelity
The quantum process fidelity of retrieved signal photons will decrease with the storage time due to the decoherence mechanism of SWs. With the experimental data of the quantum process matrix χ , one can calculate the quantum process fidelity for any storage time according to the definition ( ) 
The input (output) density matrices can be calculated by 
